A novel battery thermal management system (BTMS) based on water evaporation (WE) and air-cooling (AC) for a tube-shell Li-ion battery (LIB) pack is designed. A sodium alginate (SA) film with a higher water content above 99% is fortified by adding polyethylene (PE) fibers. The air flow and PE-fiber composite sodium alginate (PECSA) film are both used to control the temperature of the battery pack. Results show that the maximum temperature of the battery pack can be controlled below 32 C, when WE coupled with AC is used at a discharge rate of 1.8C within a discharge time of 1000 s. This method yields the highest performance of thermal management. The experimental results validate the numerical data, confirming that the design of WE combined with AC helps prevent overheating of a battery pack. This work also provides an automatic refilling system to solve the dehydration problem of the PECSA film.
Introduction
The Li-ion battery (LIB) has attracted considerable interest as an energy storage device since it provides a high energy density, long cycle life and high capacity.
1 Especially in recent years, due to the rapid development of electric vehicles (EVs), the LIB has become the most attractive candidate to replace the traditional power sources for EVs. However, despite the advantages of the LIB, we must note that it also has some fatal weaknesses, e.g. power and capacity fading at a high temperature, which inevitably hinders its widespread use. What is worse, under some extreme conditions like high-temperature operation and highrate charge and discharge, the performance of LIBs will drop dramatically. Moreover, the battery also has a risk of re or even explosion when it works at a higher temperature for a longer time.
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LIBs are sensitive to the temperature level. It is well-known that the most suitable operating temperature for this battery is from À20 to 60 C, in particular a more restrictive range is 15-35 C. 6, 7 The battery performance will decline sharply if the temperature is extremely high or low. At a very low temperature, the activity of the internal chemical substances in the battery becomes sluggish, leading to capacity fading. On the other hand, In the case of a higher temperature, the battery activity will be greatly increased. If the battery operates at a higher charge-discharge current and with it a higher temperature without any thermal management, the massive produced heat is difficult to be dissipated so as to cause overheating and electrolyte leakage of the battery. This may directly lead to the critical issues of operational failure or even accident. 8 Feng et al. listed selected accidents of LIB failure in the past ten years, and claimed that most of the accidents directly or indirectly resulted from battery thermal runaway. 9 Therefore, constructing a battery thermal management system (BTMS) is highly demanded to guarantee safe operation and long duration of LIBs.
The current working modes for BTMS include air-cooling, liquid-cooling, phase-change materials (PCMs) and heat-pipeinvolved methods, according to the cooling media. The aircooling is a conventional method that has been widely used in commercial EVs. In recent years, most of the technical progress of battery air-cooling mostly relates to the optimization of geometric layouts and operating parameters. Yang et al. analyzed the effect of lateral and longitudinal space of a battery on the cooling performance in a battery pack in which the cells were arranged in an aligned and staggered conguration. Their results showed that the most suitable lateral spacing was 32 mm while the longitudinal spacing was 34 mm. 10 Xu et al. studied the forced air-cooling ow passage of vehicular power battery packs by changing the arrangement of battery packs and the shape of air duct to alter the cooling conditions.
11 In addition, some other studies attempted to use ow resistance models to reveal the inuence of air speed and ow path. [12] [13] [14] Although the widely-used air-cooling method has the advantages of low cost, simple structure and abundant source of coolant materials, it is difficult to meet the cooling requirements of high-power batteries and extreme conditions, especially when the temperature uniformity of the battery body becomes a key criterion.
Liquid-cooling is another popular heat dissipation approach with high cooling efficiency and thermal uniformity, which has been used on the commercial EVs like General Volt and Tesla Model S. It is more able to control the battery temperature than the cooling methods based on natural convection and forced air convection, especially at high rates of charge and discharge. In this eld, most of the literatures reported on the inuences of uid ow rate, uid temperature, ow channel structure and cooling medium. He et al. used reciprocating water cooling to control the battery temperature. Their results suggested that the temperature difference among cells decreased from 4.2 to 1 C compared with unidirectional cooling ow, and the consumed amount of cooling ow was reduced by 38%. 15 A variable contact surface water cooling BTMS was designed by Rao et al. 16 Three BTMSs with variable contact surface were studied and their performances were compared with the system based on constant contact surface at different inlet velocities. Besides, many studies concentrated on the effects of microchannel structures on the performance of a BTMS. [17] [18] [19] [20] [21] However, the challenge of liquid-cooling lies in the fact that introducing extra components such as pumps and cooling channels must raise the weight and reduce the power density of a BTMS. In addition, the use of liquid-cooling also takes a high risk of leakage which may lead to short circuit of cells.
To address the above issues, a passive thermal management device using phase-change latent heat based on heat pipes has been developed to enhance heat transfer. A heat pipe operates on the principle of refrigerant evaporation and phase change, which owns light weight, high thermal conductivity and good plasticity. 22 It has been used in many elds such as electronic thermal management, and also put into practice in BTMSs. For this case, the main task is to nd a reasonable heat-pipe-based heat dissipation structure to ensure good contact between cells and heat pipes. The BTMS using conventional heat pipes have been reported in many ref. [23] [24] [25] . Besides, a series of new-type heat pipes were also successfully used in BTMSs. For instance, Hong et al. introduced three 1.5 mm-thick ultra-thin aluminium heat pipes to make the BTMS. 26 Moreover, pulsating heat pipes and loops heat pipes also attract the attention of researchers.
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Using PCMs also show excellent performances of BTMSs, which are able to signicantly control the temperature rise and improve the temperature uniformity. It has been proven that the PCM is a promising alternative to conventional solutions. Al-Hallaj et al. originally validated the use of pure phase-change materials like paraffin wax for a BTMS. 30 However, due to the low thermal conductivity, pure PCMs cannot fully meet the cooling demands of a BTMS. To this end, many researchers proposed different solutions such as adding metal powders, 31 carbon bers, 32 graphite 33-36 and foam metals [37] [38] [39] [40] [41] [42] to form a composite PCM so as to improve its thermal conductivity. Besides, some studies tried to use a metal with low melting point 43 and water evaporation 44 for a BTMS, achieving higher battery performances.
Although many types of BTMSs have been developed to gain good performances in temperature control, there are still evident drawbacks for each method. For example, the mutual problem of air-cooling and uid-cooling cannot avoid using extra energy provided by an external device so that the weight of the balance-of-plant (BOP) system must be increased. As for heat-pipe-based methods, though it helps signicantly reduce the maximum temperature as well as improve the temperature uniformity, it still needs power consumption and extra space in the cooling ends. The cooling design based on PCMs must deal with the issues of complex structure and overweight. Moreover, when the phase-change process ends, the available latent heat runs out so that the temperature cannot be controlled anymore. This is more likely to cause failure of the BTMS.
Phase change from liquid to gas has more potential to be used to control the temperature of a battery pack. Ren et al. presented a method using a sodium alginate (SA) lm for evaporative cooling. This helped control the temperature rise of the battery body, which had the advantages of low cost and simple structure. 44 Zhao et al. invented a BTMS incorporating exible hydrogel lms. They tested the BTMS through highintensity discharging operation and abnormal heat release processes, validating an economic and efficient approach in mitigating the thermal surge of LIBs.
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The SA lm has low cost, strong water adsorbing capacity, simple and controllable manufacturing process, which can be exibly packed to accommodate any shapes of battery packs. Although the use of SA lms has many advantages, it is relatively fragile and easy to break. Particularly, it is hard for the BTMS with such lms to manage the water vapor and effectively control the battery temperature during high-rate charging and discharging when the lm loses water. With the above background, this study aims at designing a BTMS using water evaporation (WE) coupled with air-cooling (AC) for a tube-shell LIB pack. The composite SA lm has high strength and water storage ability by adding reinforcing polyethylene (PE) bers. The method of combining WE with AC can effectively control the battery temperature rise under the condition of high-rate charging and discharging. The air-duct is designed to prevent the water vapor entering into the battery pack, avoiding shortcircuit effect during the regular operation. Due to water loss of the evaporation lm, an automatic water supply device is designed. Simulation results of the BTMS operation process are also provided in this work. Due to the high latent heat of water during phase change, our design shows an excellent performance in terms of heat dissipation. Thus, it has great potential to be used for battery thermal management. Besides, the new BTMS can be also used for stationary or mobile battery packs (e.g. EVs or energy storage station) that call for an efficient, accessible, and power-saving cooling system to suppress the unexpected thermal shock or runaway under normal and extreme conditions.
Experimental

Preparation of composite evaporation lm
In this work, 1.2 g SA powders and 0.1 g PE bers were added into 150 mL water, stirred with a magnetic stirrer for 1 h and then le standing until bubbles in the liquid were completely removed. This helped form a homogeneous mixture that was poured into an acrylic sink until the liquid spread evenly to form a thin liquid layer. Aer this, 1 g CaCl 2 powders were mixed into 100 mL water. The cotton net was put into the acrylic sink, which was completely inltrated by the mixture. Aer-ward, the CaCl 2 solution was uniformly sprayed on the mixed liquid, and aer standing, a high-moisture evaporation lm with reinforced bers and cotton net was prepared. The preparation process is shown in Fig. 1 . Owing to the use of PE bers, the SA lm was strengthened to gain a higher quality. The microscopic view of the SA lm is shown in Fig. 2c . We can see that the uniformly distributed PE bers in the lm act as reinforcing frames, which signicantly enhance the strength of the lm to maintain its own shape, making it less susceptible to structural destroy during continuous operation. In addition, the PE-ber composite sodium alginate (PECSA) lm would become thinner due to water loss caused by evaporation. Therefore, a cotton net was embedded into the lm with one end connected to a water supply tank forming an automatic-relling water system. This helps to replenish the evaporated water.
Battery pack structure
As shown in Fig. 2 , the battery used in this experiment was 3S3P battery pack (three cells in series and three cells in parallel) which consisted of nine 18650 batteries. The voltage of this battery pack was 12.6 V, and its capacity was 6600 mA h. The basic parameters of the battery pack are listed in Table 1 . For the convenience of testing, the battery pack was mounted in a cylindrical aluminium tube. The gap between the battery pack and the cylindrical aluminium tube was lled with graphite to reduce the thermal resistance and facilitate the heat conduction from the battery pack to the surface of aluminium tube.
The as-prepared PECSA lm was attached onto the surface of the cylindrical aluminium shell. The cylindrical battery pack with an aluminium shell was then mounted in an air duct using the supporting frame. A cooling fan was placed at one end of the air duct, while the other end was used as the air outlet. The lines (battery power cord and device test line) were extracted from the reserved position, and the entire test device was placed in an incubator. During the battery operation (charge or discharge), heat accumulation must lead to a temperature rise. As a result, the lm will be heated, and the water in the lm will change into vapor. Under the effect of heat dissipation by water phase change, the battery temperature can be effectively controlled. Besides, if necessary, ethanol, etc. can be added into water to prevent the lm from icing at a sub-zero temperature.
Experimental equipment
A commercial programmable DC electronic load (Merino's M973) with a maximum discharge voltage of 150 V and a current of 150 A was used to operate the battery module. The battery was tested at the discharge rate of 1C, 1.5C and 1.8C. Temperature test lines combined with K-type thermocouples with an accuracy error of AE0.2 C were used for temperature record, which were connected with a data acquisition card (Advantech). Besides, a thermostat was applied to simulate the constant ambient temperature of 26 C. During the temperature test, the recorded data were sent to the computer at a frequency of 1 s À1 .
The testing setup and with it a sectional schematic view of the heat conduction and dissipation processes are shown in Fig. 2 . The heat transfer route within this model can be divided into the following three processes. Firstly, the generated heat inside the batteries transfers mainly through the direct contact between the battery pack and the lled graphite. Subsequently, heat is mainly carried from the graphite with a high thermal conductivity to the aluminium tube surface. Finally, heat is removed by the PECSA lm through water evaporation. When the battery discharges at a high rate, the fan will be started to accelerate the water evaporation to take away residual heat.
Layout of temperature measurement point
As shown in Fig. 3 , thermocouples were attached on the surface of each cell, and the temperature measurement points on each cell were denoted as A 1 -A 3 , B 1 -B 3 and C 1 -C 3 , respectively. The characteristics of temperature distribution of the battery pack at a discharge rate of 1.5C under the condition of natural convection is shown in Fig. 4 . Judging from Fig. 3 and 4, the following conclusions can be made: (a) the temperatures of the three side-by-side cells were almost the same; (b) the temperatures increased progressively in the axial direction, whose values in the part 1-3 were different. Therefore, in the following experiments, we took a random point in the part 1-3 to evaluate the temperature of each part to simplify data collection and processing. All the tests were repeated for three times and the average value was taken for comparison. Then, we took the average temperature of the three parts as the temperature of the battery pack to compare different cooling methods.
Modelling and simulation
The internal heat of a battery is mainly composed of ohmic heat, electrochemical reaction heat, polarized heat and sidereaction heat. 46 With the increase in the rate of charge and discharge of a battery, more heat will be generated. Bernardi et al. proposed the internal heat generation model as follows:
where _ q is the heat generation rate per unit volume of the battery (W m From eqn (1) we can get the following formula:
where Q is the battery heat power (W). It is also known from ref. 48 that in a heat insulation device the heat loss can be neglected. The battery heat remains almost the same, and the heat generated by the battery per unit time can be calculated from the specic heat capacity of the battery and the temperature change rate: When the battery is in a thermal insulation environment, we know that Q 0 ¼ Q. Considering E 0 À U ¼ IR and combining eqn (2) we can conclude that:
The heat generation and heat transfer energy equation under the condition of natural convection can be expressed as follows:
For cylindrical cells, the energy balance equation based on the law of heat transfer and heat distribution can be expressed as:
Moreover, in this study, the generated heat transfers from the inside of battery pack to the surface of aluminium shell, and the composed evaporation lm is attached to the aluminium shell while the fan is installed at the inlet. The air ow accelerates evaporation and takes away a large amount of heat when the water phase changes. Water and air have complex heat and mass transfer mechanisms during the process of water evaporation. The general effect is water evaporating and then transforming into water vapor. As a result of water phase-change, a great deal of heat is absorbed, leading to a reduced temperature of the battery pack. At the same time, wet air is heated to increase the humidity and enthalpy.
The heat produced by water evaporation is:
where L v is the latent heat of water evaporation (J kg À1 ), g evap is the evaporation ux. The initial relative humidity is 20%. And the water evaporation ux is:
where K is the evaporation rate, M v is the molar mass of water vapor, c v is the vapor concentration and c sat is the saturated vapor concentration. The value of c sat can be obtained by the following formula:
where p sat is the saturated vapor pressure, R g is the gas constant, and T is the temperature.
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The commercial soware COMSOL was used for numerical analysis. In order to simplify the calculation, we made the following assumptions:
(a) Uniform distribution of materials inside the battery.
(b) Thermal physical parameters (specic heat capacity, thermal conductivity) of each material inside the battery were not affected by the outside and remained unchanged.
(c) The thermal conductivity of the material was consistent in the same direction. 
Results and discussion
Comparison of experiment and simulation of battery temperatures
The internal resistance of the battery pack measured by direct current internal resistance method under 50% state of charge (SOC) was 0.1439 U, the mass of a single cell was 44.6 g, and the total mass of the battery was 0.4014 kg. The battery was discharged at 0.5C, 1C, 1.2C, 1.5C and 1.8C for 1000 s, respectively. Aer the temperature data were processed by the least square method, the temperature curves at different discharge rates were obtained, as shown in Fig. 5a . The slope of each straight line, dT Tdt can be calculated from the above tting straight line, and the slope value of each line is shown in Table 2 , from which the relation between dT Tdt and I can be easily obtained, as shown in Fig. 5b . The expression of the tting line in Fig. 5b is:
Compared with eqn (4), we can get the following formula:
Equivalent specific heat capacity: c p ¼ 2735.4 J (kg K)
À1
Heating power:
Now we can know that the heat power is 4.633 and 11.65 W respectively at 1C and 1.5C. Fig. 6 compares the results of numerical simulation with the experimental data at a discharge rate of 1C and 1.5C when WE is coupled with 3 m s À1 air ow. It is known that in the discharge process, the numerical result is in good agreement with the real test. Although, in the cooling period there are some deviations among them, the experimental values are smaller than the numerical results. Besides, the experimental data is more vibrational. Such deviations can be explained by the fact that the air-cooling speed is inevitably uctuant so as to affect the evaporation process. Fig. 7 shows the temperature contours and air velocity proles of the battery pack at a discharge rate of 1C and 1.5C, respectively. As can be seen, the highest temperature of WE coupled with AC at 1C and 1.5C is 300.8 and 305 K (27.3 and 31.5 C), respectively. It can be seen from the temperature contours that the temperature increases progressively in the axial direction, and the core temperature is signicantly higher than the surface temperature of the battery. This is because the air velocity and evaporation rate of water at the inlet are higher than the outlet.
Temperature rise under different cooling conditions
The temperature curves of the battery pack measured under different cooling conditions are shown in Fig. 8 and 9 . The value of T max of the battery pack using natural convection, AC, WE and WE coupled with AC is 36.3, 33.4, 30.7 and 27.1 C, respectively, at a discharge rate of 1C. The value of temperature rise under different cooling conditions at 1C is 10.3, 7.4, 4.7 and 1.1 C, respectively. It is noted that the cooling effect of the BTMS based on the combination of WE and AC is most effective compared with the other three cases. A similar tendency is observed at 1.5C and 1.8C (see Fig. 8b and 9a ). When the battery discharges at a higher rate, the excellent performance of WE coupled with AC becomes more obvious. As displayed in Fig. 9a , it is only 1000 s aer the battery discharges at 1.8C, in the case of natural convection, the value of T max of the battery module approaches 47 C. It is evident that the temperature of the battery module must exceed the suitable operation range (<60 C) with the increase of discharge time. However, when the design of WE coupled with AC is used, the temperature is controlled below 32 C, and the slope of the temperature curve is much lower than the other three cases. This can be ascribed to the following reasons. On one hand, the phase change from water to gas retains a large amount of latent heat, and the process of water evaporation effectively takes away the produced heat from the battery pack. On the other hand, under the effect of air ow, water vaporizes more rapidly, which can remove more heat than the use of either individual WE or AC. Fig. 8c, d and 9c show the curves of current and voltage. It can be seen that, under the condition of constant-current discharge, the voltage decreases sharply in the initial stage. Besides, with the same discharge time, a higher discharge current leads to a higher voltage drop. We also tried to evaluate the temperature rise of the battery in the conversion process of constant-current and -voltage discharge in this experiment. The battery was discharged at a constant voltage of 10.5 V for 500 s and then a constant current of 1.5C for 500 s. The temperature curve is shown in Fig. 9b , and the curves of current and voltage is displayed in Fig. 9d .
To further verify the cooling effect of WE coupled with AC, the values of temperature rise at different discharge rates and cooling conditions are illustrated in Fig. 10 . It is notable that, within the discharge time of 1000 s, this design yields the lowest temperature rise. Besides, with the increase of discharge rate, the value of temperature rise in the case of WE coupled with AC is less obvious than the other three cases. This can be interpreted by the fact that the use of WE is able to effectively take away the heat throughout the whole discharge process. The evaporation process tends to cause water loss of the PECSA lm. In order to suppress the temperature rise by 10 C, 11.2 kJ heat needs to be taken away. In the form of water evaporation with a latent heat of 2400 kJ kg À1 , the required mass of water is 0.005 kg. However, more mass of the other phase-change materials such as paraffin with a latent heat of 220 kJ kg À1 should be used to achieve the same goal. and WE with AC is 380, 460, 590 and 1490 s, respectively. It can be seen that WE coupled with AC can signicantly reduce the rate of temperature rise of the battery and control the temperature within a suitable range. Besides, the use of WE coupled with AC is more able to reduce heat at high charge/discharge rates or under other extreme operating conditions. When the PECSA lm is attached onto the surface of the battery pack, the evaporation effect causes water loss so that the PECSA lm will get dehydrated during operation. When an automatic relling system is used, the issue of lm drought will be well addressed. The water can be continuously supplied, realizing high effectiveness and excellent performance of the PECSA lm is very thin with no need for large space and the air ow of the fan can be optimized to reduce the occupied space. Since the latent heat is about 2400 kJ kg À1 for water evaporation, the BTMS has enough ability to control the temperature. In BTMS with WE coupled with AC. Besides, it is noted that the addition, if necessary, a vapor recovery unit can be introduced to reduce the water consumption.
Conclusions
In this study, a tube-shell battery pack based on a novel BTMS with the combination of WE and AC is developed, and its performances are evaluated by experiments and numerical simulation. An automatic relling system is designed to solve the drying problem of the PECSA lm. The PECSA lm is strengthened to gain a good quality as a result of adding polyethylene bers. Besides, a reasonable structure is designed to prevent the generated water vapor from getting into the battery pack so as to reduce the risk of battery short circuit. The effectiveness of WE coupled with AC in controlling the temperature rise at 1C, 1.5C and 1.8C is validated. By using this method, the temperature is controlled below 32 C at 1.8C
within the discharge time of 1000 s. Based on the experimental and simulation results, we can nd that the cooling effect of the BTMS based on WE with AC is most effective compared with the other three cases.
In addition to the high effectiveness of the BTMS based on WE and AC, the proposed system also has the advantages of low energy consumption, simple structure and low cost. Besides, a self-heating or assistant-heating from an external heat source can be applied to provide the function of preheating when the battery operates at a lower temperature. We believe that the BTMS has great application prospects to be used for thermal management of the batteries for electric vehicles.
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